We investigated 60 patients with cerebrovascular disorders using a three-dimensional transcranial Doppler blood flow mapping system. A composite display of the circle of Willis is created with computer assistance, allowing accurate vessel identification and optimal data documentation of blood flow velocity and direction in the basal cerebral arteries. The basilar artery was insonated in every patient; the middle cerebral artery and the most distal internal carotid artery were found in 95% of the patients, the anterior cerebral artery in 85%, and the posterior cerebral artery in 84%. Insonation problems occurred predominantly in elderly women. Transcranial Doppler blood flow mapping showed an abnormal result in 23 of 60 patients (38%). An intracranial stenosis with >50% diameter reduction or occlusion was found in 10 of 31 patients (32%) with completed stroke, reversible ischemic neurologic deficit, or transient ischemic attack. Collateral blood flow mechanisms could be demonstrated in patients with extracranial carotid artery occlusions. Intra-arterial cerebral angiography performed in 21 patients confirmed the transcranial Doppler blood flow mapping diagnosis in 19 (90.5%). In one patient an arteriovenous malformation diagnosed by transcranial Doppler blood flow mapping was confirmed by magnetic resonance imaging.
D
oppler ultrasonography has been used successfully as a noninvasive method for the diagnosis of extracranial artery disease. 1 Intracranial Doppler ultrasonography studies remained unsatisfactory due to attenuation of the skull 2 until transcranial Doppler ultrasonography (TCD) was introduced in 1982. 3 TCD allows noninvasive, direct measurement of blood flow velocity and direction in the basal brain arteries; it is used for diagnosis and follow-up of vasospasm in the middle cerebral artery (MCA) after subarachnoid hemorrhage 45 and for monitoring the MCA during carotid endarterectomy 6 and cardiopulmonary bypass surgery. 7 These applications require relatively few investigative skills because insonation of the MCA is usually uncomplicated and clearly defined anatomically. 8 In patients with cerebrovascular disorders, in whom the entire circle of Willis (a variable 9 and topographically complex structure) needs to be examined, cor-rect identification of vessels becomes a problem. Repeated common carotid artery (CCA) compressions may be necessary to identify specific vessels. 310 Using hand-held transducers, a mental map of the circle of Willis is created subjectively by the investigator and cannot easily be reproduced. Threedimensional transcranial Doppler blood flow mapping (TDFM) allows for reproducible results and improved vessel identification.
n We report the results of clinical use of TDFM for the noninvasive diagnosis of blood flow abnormalities within the circle of Willis in patients with cerebrovascular disorders, and we show that TDFM is a reliable and accurate tool.
Subjects and Methods
We investigated 60 consecutive patients (37 males, 23 females; mean age 56.8 ± 19.1, range 21/2-83 years). Patients were referred to the clinical neuroultrasound laboratory because of a variety of cerebrovascular disorders (Table 1) . Five patients were black, one was Indian, and the others were white. All patients had continuous-wave or pulsed Doppler and B-mode ultrasonographic examination of the carotid arteries, and 48 had an extracranial vertebral artery Doppler ultrasonographic study before TDFM was performed. The investigators were aware of the clinical history of the patients and the extracranial Doppler result.
We used a pulsed Doppler device (Trans-scan, EME, Uberlingen, FRG) operating at 2 MHz ( Figure  1 ). The maximal pulse repetition frequency (PRF) was 12.2 kHz, allowing measurement of a maximum Doppler shift of 6.1 kHz (PRF/2). With highresolution color display, the Doppler frequency signals were converted by fast Fourier transformation into velocity (v), which was calculated assuming an insonation angle of 0° as v = 39 x f in kHz. This assumption was possible (at an error rate of <15%) because the insonation angle of intracranial arteries was 0-30°, cosine 1-0.86.
The maximum velocity measurable without aliasing was therefore 39 x 6.1 = 237.9 cm/sec. However, a special design of the system we used allowed the display of frequencies between -PRF/2 and PRF.
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A headpiece with two scanning arms connected to the Doppler probes by ball joints and rods was placed on the patient's head on two curved pads positioned on the glabella and bregma (joint of the coronal and sagittal sutures), which were used as reference points. The probe position was maintained constant over the temporal skull during each examination once an optimal ultrasonic window was detected by potentiometers. Using a computer readout of the angles shown in Figure 2 , the intracranial position of the sample volume was defined by the insonation depth (x coordinate) and the calculated distances between the glabella and bregma reference points and the sample volume (y and z coordinates). The sample volume measured 6x4 mm, and it could be moved bidirectionally in 1.5-mm steps. The recorded spectra, symbolized by colored dots, were displayed simultaneously in lateral, coronal, and horizontal views. The threedimensionality of TDFM can be appreciated by the investigator or reader by combining the three twodimensional displays mentally.
The proximal MCA, the Al segment of the anterior cerebral artery (ACA), the distal part of the supraclinoid internal carotid artery (ICA), and the PI segment of the posterior cerebral artery (PCA) were then insonated in a stepwise fashion through the temporal window. The investigator created a composite display of these basal cerebral arteries in the lateral, coronal, and horizontal views ( Figure 3 ). The basilar artery (BA) was examined with a 2-MHz hand-held probe; no CCA compressions were necessary with this method. Time for the entire investigation varied from 30 to 90 minutes.
The topographic and spectral data of each sonogram were stored on the hard disk of a personal computer. For reading and evaluation, individual spectra could be recalled from the memory. Mean and peak blood flow velocities and pulsatility could be calculated. Permanent copies were made using a color printer, and the complete data could be stored on floppy disk for long-term documentation.
The Doppler criteria 1213 for stenosis of at least 50% diameter reduction were a >50% increase in velocity compared with the contralateral side and/ or with the normal reference values, 31014 turbulence phenomena, and the absence of collateral blood flow mechanisms to avoid misinterpreting functionally increased blood velocities.
Twenty-one of the 60 patients underwent intra-arterial cerebral angiography. All TDFM studies were performed without knowledge of the angiographic diagnosis.
Results
Based on a maximum searching time of 10 minutes per side 92.5% of the MCAs and ICAs, 85% of the ACAs, and 84.2% of the PCAs were found and identified. The BA was found in all of the 59 patients in whom it was searched for (this was not done in one child due to cooperation problems). A temporal window could not be found bilaterally in three patients (one man, two women, 5%) and unilaterally in four (all women, 6.7%); transtemporal insonation problems of some degree were therefore present in 2.7% of the male and in 26.1% of the female patients (mean age of the women with insonation problems was 72.8 vs. 54.5 years for the other females). TDFM was normal in 37 of the 60 patients (61.7%); it was abnormal in the remaining 23 (38.3%). The nature and frequency of the 35 abnormal findings in the 23 patients are shown in Table 2 .
In nine of the 21 patients who had cerebral angiography all arteries insonated and angiographed were normal. In the 12 remaining patients TDFM was abnormal; their personal data, clinical symptoms, extracranial and intracranial Doppler results, and angiographic diagnoses are listed in Table 3 . The sonographic and angiographic appearances of the ICA stenosis in Patient 9 is shown in Figure 4 , and those of the extracranial ICA occlusion in Patient 6, with cross flow via the ACAs, in Figure 5 .
There was good topographic correlation between TDFM and angiography. In patients in whom one ACA or PCA could not be clearly identified by TDFM, there was hypoplasia or an unusual anatomic course of the vessel, resulting in an unfavorable insonation angle. The only discrepancies between TDFM and angiography occurred in Patients 1 and 5, with unilateral cervical ICA obstructions. TDFM suggested complete cross flow via the ACAs and the anterior communicating arteries (ACoAs) in both patients. However, angiography showed unilateral filling of both A2 segments and no cross flow.
An arteriovenous malformation (AVM) found by TDFM was confirmed by magnetic resonance imaging (MRI) ( Figure 6 ).
Discussion
Our results in a series of 60 patients with cerebrovascular disorders demonstrate that threedimensional TDFM is capable not only of providing real-time information on the physiologic parameters of blood flow velocity, blood flow direction, and pulsatility index but also of creating a topographically accurate composite display of the circle of Willis. The MCA, ACA, and BA were found at rates similar to those reported in the literature. 10 The PCA, however, could be identified in 85% of sides, which is well above the 70% reported by Arnolds and von Reutern 10 in normal subjects and using hand-held transducers. This improvement can be attributed to the clear separation between the anterior and posterior parts of the circle of Willis possible with TDFM. The ability to selectively investigate the supraclinoid ICA, an area of predilection for atherosclerotic disease, 15 is another major advantage of TDFM.
The ACA can be distinguished easily from the ICA, which is important in patients with ACA cross flow due to ICA occlusion. CCA compression for vessel identification, which is contraindicated in patients with CCA plaques or hemodynamically significant ICA obstructions, can be avoided completely, thus making TDFM truly noninvasive.
Other advantages of TDFM are computerized documentation and data processing, which allow optimal interpretation and reproducibility.
Ten patients with 11 of the 14 intracranial obstructions we observed belonged to the subgroup of 31 patients with stroke, reversible ischemic neurologic deficit (RIND), or transient ischemic attacks (TIAs). Eight of those 10 patients had no significant extracranial carotid artery disease. Thus, in 32% of the patients with stroke, RIND, or TIA, TDFM identified a significant intracranial artery lesion. Of the three black patients with stroke, RIND, or TIA, two had severe intracranial artery stenoses, underlining the higher incidence of intracranial artery disease in blacks 1617 and the importance of TDFM in these patients. Clinical studies of MCA stenosis 18 and ICA siphon stenosis 19 report high annual ipsilateral stroke rates of 7.8% and 4.7% per patientyear. Based on these observations, early noninvasive diagnosis of these lesions is of vital importance for the patient. The EC/IC Bypass Study Group reported no significant benefit in these cases, but anticoagulation has been associated with benign outcome in patients with MCA stenosis. 21 An advantage of TDFM is its capability to rule out MCA-ICA stenoses in patients considered for carotid endarterectomy. Before antihypertensive treatment is started in elderly patients, significant obstructions of the major intracranial arteries should be excluded to prevent hemodynamically induced ischemic events.
Intracranial vertebral artery and BA stenoses carry a high risk of brainstem infarction. 22 Stenoses can be detected and followed noninvasively using TDFM, and the effectiveness of anticoagulation and fibrinolysis can be assessed directly. 23 In patients with extracranial ICA occlusions, collateral blood flow pathways and patency of the MCA were clearly demonstrated by TDFM. This is especially important in the clinical assessment of these individuals because normal postocclusive MCA blood flow velocity may be a good prognostic sign. 24 However, in two of four patients with ACA collateral blood flow who underwent angiography, there was partial disagreement with TDFM because cross flow was not complete and one Al segment supported both A2 segments of the ACAs but not the postobstructive MCA. A precise evaluation of every individual with collateral blood flow patterns is necessary to avoid misinterpretation of high blood flow velocities caused by collateral flow through relatively narrow channels such as the ACA, PCA, and communicating arteries. 25 These functional stenoses occur when severe extracranial carotid artery obstructions are present and when circulation in the postocclusive hemisphere is supplied by the contralateral side via the ACA and the ACoA and/or from the ipsilateral side via the PCA and the posterior communicating artery (PCoA). A regular extracranial Doppler and duplex or B-scan examination should always be performed before TDFM. In certain instances, especially before surgery, CCA compression tests may be helpful in assessing collateral blood flow and the capacity of the circle of Willis and in distinguishing between functional and morphologic stenoses.
The transcranial Doppler diagnosis of MCA occlusion is difficult. The examination must demonstrate an ultrasonic window on the affected side, and the other ipsilateral vessels must be clearly insonated and identified. 12 Further experience with angiographic correlations and very careful evaluation of the extracranial and intracranial blood flow data is necessary to establish the validity of TDFM in the diagnosis of MCA occlusion. In the follow-up of such patients TDFM may be the method of choice to learn more about spontaneous recanalization and its possible correlation with clinical recovery. 26 AVMs can be detected and monitored after treatment with the help of TCD. 2728 In our patient the approximate size and location of the AVM was determined by TDFM and confirmed by MRI.
We included only one patient with subarachnoid hemorrhage and one with an intracranial hemorrhage causing vasospasm of the ICA, MCA, and ACA. However, the value of TCD in the noninvasive diagnosis and clinical management of vasospasm has been demonstrated extensively. 4528 The number of patients in our study is too small to calculate sensitivity and specificity, but previous publications report a similar high accuracy of TCD in the diagnosis of intracranial artery blood flow abnormalities.
-
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- 30 Although larger correlative studies are necessary to definitely establish the accuracy of TDFM compared with angiography and pathology, TDFM may be a valuable and practicable tool to noninvasively provide hemodynamic information from the circle of Willis to the clinician.
